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Brief Communications

Working Memory for Conjunctions Relies on the Medial

Temporal Lobe

Ingrid R. Olson,' Katie Page,’ Katherine Sledge Moore,' Anjan Chatterjee,"> and Mieke Verfaellie®
IThe Center for Cognitive Neuroscience, University of Pennsylvania and 2Department of Neurology, University of Pennsylvania Medical School,
Philadelphia, PA 19104, and *Boston University School of Medicine and VA Boston Healthcare System, Boston, MA 02130

A prominent theory of hippocampal function proposes that the hippocampus is importantly involved in relating or binding together
separate pieces of information to form an episodic representation. This hypothesis has only been applied to studies of long-term memory
because the paradigmatic view of the hippocampus is that it is not critical for short-term forms of memory. However, relational process-
ing is important in many working memory tasks, especially tasks using visual stimuli. Here, we test the hypothesis that the medial
temporal lobes are important for relational memory even over short delays. The task required patients with medial temporal lobe
amnesia and controls to remember three objects, locations, or object-location conjunctions over 1 or 8 s delays. The results show that
working memory for objects and locations was at normal levels, but that memory for conjunctions was severely impaired at 8 s delays.
Additional analyses suggest that the hippocampus per se is critical for accurate conjunction working memory. We propose that the
hippocampus is critically involved in memory for conjunctions at both short and long delays.
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Introduction

Bilateral damage to the hippocampus and related medial tempo-
ral lobe structures causes severe memory impairments (Scoville
and Milner, 1957). An important question in memory research is
how best to characterize the role of the medial temporal lobes
(MTLs) in memory. The relational-processing theory proposes
that the MTL system is important for encoding into memory
what has been described as contextual (Hirsh, 1974), configural
(Sutherland and Rudy, 1989), or relational (Cohen and Eichen-
baum, 1993) information. The underlying theme of these pro-
posals is that the MTL is important for binding together different
elements of a memory trace (Eichenbaum, 1999).

Several lines of research support this hypothesis. MTL amne-
sics have profound difficulties in remembering learned word
pairs as compared with single words (Cermak, 1976; Winocur
and Weiskrantz, 1976; Giovanello et al., 2003; Turriziani et al.,
2004). Several neuroimaging studies have reported greater acti-
vations in MTL structures during encoding (Henke et al., 1997;
Davachi et al., 2003; Kirwan and Stark, 2004; Ranganath et al.,
2004) and retrieval (Yonelinas et al., 2001; Giovanello et al., 2004)
of the relationship between stimuli as opposed to separate
stimuli.

The question we address in this paper is whether the MTL is
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involved in binding processes in long-term memory (LTM) only,
or whether it is more generally involved in mnemonic binding,
regardless of time that intervenes between study and test. Studies
to date have primarily examined LTM for conjunctions because
of the fact that a great deal of evidence suggests that MTL damage
leads to delay-dependent memory loss. Whereas working mem-
ory (WM)* for digits (Wickelgren, 1968; Cave and Squire, 1992),
tones (Wickelgren, 1968), words (Baddeley and Warrington,
1970), or single-dot locations (Cave and Squire, 1992) appears to
be spared in MTL amnesia, LTM for most types of information is
impaired (Cohen and Eichenbaum, 1993).

Although simple forms of WM may not be affected by MTL
damage, it is possible that forms of WM that require relational
processing rely on the MTL. There is mounting evidence that
relational memory is quite different from simpler forms of mem-
ory (Mitchell et al., 2000a,b), thus the presence of intact memory
for simple features provides no information about whether or not
memory for the relationship between stimuli is intact. Also, one
neuroimaging study showed that the hippocampus is activated in
relational memory tasks when delays are as short as 8 s (Mitchell
etal., 2000a). Because neuroimaging is a correlational procedure,
such evidence alone cannot tell us whether the MTL is necessary
for accurate performance on WM tasks.

Here, we test MTL amnesics and controls in two experiments
that required them to remember either three sequentially pre-

“The terms “short-term memory” (STM) and “working memory” (WM) refer to different things, with the former
emphasizing the storage aspect of memory and the latter emphasizing both the storage and the manipulation of
information held in memory. Although the distinction between storage and manipulation is of theoretical interest,
in practice, the terms STM and WM have been used somewhat interchangeably. For instance, visual memory tasks
with short delays between two arrays are sometimes referred to as “visual working memory” and sometimes
referred to as “visual short-term memory.” In this paper we have decided that “visual working memory” is a more
neutral and ubiquitous term to use for this study.
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Table 1. Patient characteristics
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WAIS-II WMS-III
Age Sex Edu Etiology MTL Lesion ViQ GM AD VD WM
Description
48* M 14 Anoxia BiH m 59 52 72 9
76 F 12 Anoxia BiH 107 59 64 65 83
52% M 17 Anoxia Pacemaker 134 70 67 75 88
75 M 18 Anoxia BiH 113 75 80 72 102
54% F 12 Anoxia BiH, PRC, Ramg 83 52 55 56 91
46* F 14 Anoxia BiH 90 45 52 53 93
49* M 14 Enceph BiH, PRC, ERC, amg 92 45 55 56 85
61 F 12 Enceph BiH, PRC, ERC, PHG, Ramg 106 69 77 68 m
76% F 18 Enceph BiH, PRC, ERC, amg, temporal pole 135 45 58 53 141
42%* M 16 Anoxia Bi H, PRC, ERC, L fusiform 86 49 52 53 93

Edu, Educationin years; VIQ, verbal intelligence quotient; GM, general memory index; AD, auditory delay index; VD, visual delay index; WM, working memory index; Enceph, encephalitis; Bi, bilateral; H, hippocampus; PRC, perirhinal cortex;
ERC, entorhinal cortex; amg, amygdala; PHG, parahippocampal gyrus; R, right; L, left; WAIS-III, Wechsler Adult Intelligence Scale, third edition; WMS-IIl, Wechsler Memory Scale, third edition. *Patients tested in both experiments. **Patient

tested only in experiment 2.

sented objects, locations, or object plus location conjunctions
(Mitchell et al., 2000a,b). If the MTL is important for relational
binding at short delays, then amnesic patients should have intact
memory for objects or locations, but impaired memory for ob-
jects plus locations. Alternatively, if the long-term binding hy-
pothesis is true, amnesics should show intact performance in all
conditions.

Materials and Methods

Participants. The lesion group in experiment 1 consisted of nine
patients with bilateral medial temporal lobe damage (for details,
see Table 1). Amnesia resulted from an anoxic episode (1 = 6) or
from encephalitis (n = 3). Inspection of magnetic resonance im-
ages (MRIs) showed that four of the patients had damage limited
to the hippocampus, and four of the patients had damage extend-
ing into other MTL structures including the perirhinal and ento-
rhinal cortex. MRI data were not available for one of the anoxic
patients because of the presence of a pacemaker. The average
verbal intelligence quotient (IQ) as measured by the Wechsler
Adult Intelligence Scale, third edition (Wechsler, 1997a), was
108. The general-memory score on the Wechsler Memory Scale,
third edition (Wechsler, 1997b), was 58 and the delayed-memory
score was 63. Six of these patients and one new patient were tested
3—6 months later in experiment 2.

Control participants in experiment 1 were 10 healthy adults
(five males, five females, 45-77 years, M = 64 years) with an
average of 14 years of education and an average verbal IQ of 113.
Control participants in experiment 2 were eight healthy adults
(two males, six females) with an average of 14 years of education
and an average verbal IQ of 113. There was no difference between
the MTL group and the respective control group in terms of age,
education, or verbal IQ in either experiment (all p values >0.10).
All participants were cooperative and attentive and had normal
or corrected-to-normal visual acuity.

Design and statistical analysis. In addition to the between-
subject variable (patient vs control), there were two within-
subject variables: (1) condition (object, location, or object plus
location conjunction, referred to hereafter as “conjunction”),
and (2) interstimulus interval (ISI; 1 or 8 s). Data from object and
location trials were combined into a “feature” condition after
assuring that there was no accuracy difference between these con-
ditions (Mitchell et al., 2000b). This resulted in a 2 X 2 X 2
design.

Hit rates (responding “yes” on a “match” trial) and false alarm
rates (responding “yes” on a “nonmatch” trial) were used to cal-
culate corrected recognition (hits minus false alarms).

Materials. The stimuli consisted of 259 colorized Snodgrass
and Vanderwart-like renderings (Rossion and Pourtois, 2004) of
common objects and animals, which were presented withina 3 X
3 black grid on a white background. Stimulus size was ~5 cm by
5 cm. The 3 X 3 grid was 20 cm by 20 cm. Stimuli were shown
without replication.

Equipment. Participants were tested individually on either a
laptop computer or a desktop computer. They sat at an unre-
stricted viewing distance of ~57 cm, at which distance 1cm cor-
responds to 1° viewing angle. The experiment was programmed
in E-prime.

Task and procedure. The task was to remember either three
objects, locations, or object—location conjunctions over a short
delay period and then make a recognition judgment. Trial onset
was signaled by the onset of the grid, followed by the sequential
presentation of 3 stimuli. Each stimulus was presented for 1 s, and
separated by a 13 ms ISI. Each stimulus appeared within one of
nine randomly chosen locations, with the restriction that there
was no repetition of locations within a three-item sequence. After
the memory sequence finished, there was an unfilled delay inter-
val of 1 or 8 s. Last, the probe image was shown and a recognition
judgment was elicited. Participants pressed one key for a “same”
response and a second key for a “different” response. After the
response was entered, the screen cleared and there was a 500 ms
blank intertrial interval.

An equal number of match and nonmatch trials were ran-
domly intermixed in each condition. Probes on match trials were
sampled from all items/locations shown on the memory image.
Depending on the condition, participants were asked to indicate
whether the object, location, or conjunction of object and loca-
tion, matched one seen in the memory image. The probe image
during the “object” block of trials consisted of one drawing pre-
sented in the center of the grid. On match trials, the drawing had
been presented in the memory sequence for that trial, whereas on
nonmatch trials, a novel stimulus was presented. The probe im-
age during the “location” block of trials consisted of one filled
black circle that appeared in one of the nine grid locations. On
match trials, the black circle appeared in one of the previously
filled locations. On nonmatch trials, it appeared in a location that
had not been filled during the memory sequence. The probe im-
age during the “conjunction” trials consisted of one drawing that
appeared in one of the nine grid locations. On match trials, both
the object and the location matched the object plus location con-
junction from the memory sequence. On nonmatch trials, an
object from the memory sequence for that trial was recombined
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with an incorrect location from that trial.
By using recombined object and location
information, subjects were forced to con-
sider both pieces of information to make
their answer. In experiment 1, each of the
three conditions was administered in a
separate block of six practice trials and 36
experimental trials, with the order of con-
ditions counterbalanced across subjects
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Figure 1.
Results

Experiment 1

Figure 2a shows the results of our analysis. A repeated-measures
ANOVA with condition, delay, and group as factors found a main
effect of condition (F(, 5, = 19.49; p < 0.0004) with lower over-
all accuracy when conjunctions had to be remembered (M =
68%) compared with objects or locations (M = 91%). In con-
trast, a longer delay interval did not generally decrease perfor-
mance (F(, ;7 = 2.96; p = 0.10). The effect of group membership
was marginally significant (F(, ;) = 3.75; p = 0.07), a finding
that is more readily understood when the interactions are exam-
ined. Of interest, the interaction of condition by delay by group
was significant (F; ;) = 6.80; p < 0.02). This was because of
similar levels of performance by amnesics and controls in the
feature condition (M = 88 vs 98%) and conjunction condition at
the 1 s delay (M = 73 vs 73%), and similar performance levels in
the feature condition at the 8 s delay (M = 88 vs 88%) but dra-
matically lower performance by amnesics in the conjunction
condition at the 8 s delay (M = 45 vs 79%). None of the other
interactions were significant (all p values > 0.15).

To assess whether binding deficits found in experiment 1 were
caused by hippocampal or extra-hippocampal damage in the
MTL, we compared the performance of patients with damage
limited to the hippocampus (termed “H” group; n = 4) to that of
patients with more extensive MTL damage (termed “H+” group;
n = 4) on the conjunction trials. No difference was found be-
tween groups (F(, ¢ = 1.97; p = 0.21) and the interaction of
group with delay was not significant (F < 1). Of interest, the
groups did not differ at the 8 s delay (H+ group: M = 62%, SE =
21%; H group: M = 40%, SE = 19%; p = 0.47).

These findings are consistent with our hypothesis that the
hippocampus is important for relational processing even over
brief delays. However, one explanation for the results of experi-
ment 1 that cannot be ruled out is that more information had to
be remembered on conjunction trials as compared with feature
trials. Were the deficits experienced by amnesics in experiment 1
caused by a binding problem, as we hypothesized, or were they
caused by the greater memory load in the conjunction condition
than in the feature condition? If the latter hypothesis is true,
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Figure 2.  Corrected recognition (hit rate—false alarm rate) as a function of feature or con-
junction condition for the 1and 8 s ISIs for Experiment 1 (a) and Experiment 2 (b). Error bars
represent SEM.

amnesics should perform as poorly on feature trials as on con-
junction trials when the memory load is equated.

In experiment 2, MTL amnesics and control subjects were
tested on two blocks of trials, using similar stimuli and trial struc-
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tures as that used in experiment 1” (Mitchell et al., 2000b). Mem-
ory load was equated by intermixing object and location trials.
Subjects were instructed to remember both objects and locations,
but only one feature, either object or location, was tested on the
probe image. Because subjects could not predict whether mem-
ory for objects or locations would be tested, they were forced to
maintain both features in memory. In this way, the memory load
was similar to that in conjunction trials. As in experiment 1,
conjunction trials were administered in a separate block.

Experiment 2

Figure 2b shows the results of our analysis. A repeated-measures
ANOVA with condition, delay, and group as factors found a main
effect of condition (F(, 3, = 17.97; p = 0.001), with lower overall
accuracy when conjunctions had to be remembered (M = 80%)
compared with features (M = 95%). A longer delay interval led to
overall worse performance (F(;, 5y = 24.60, p = 0.001). The
difference between groups was marginally significant (F(, 3, =
4.22,p = 0.061) because of the somewhat lower overall accuracy
of amnesics. The interaction of condition by delay was significant
(F1, 13y = 10.13; p = 0.007). Of interest, the interaction of con-
dition by group was significant (F(, 3 = 4.6; p = 0.051). This
was because of similar levels of performance by amnesics and
controls in the feature condition (M = 92 vs 97%), but lower
performance by amnesics in the conjunction condition (M = 70
vs 90%). Unlike experiment 1, the interaction of condition by
group by delay was not significant (F < 1).

Despite the fact that the memory load was similar in the fea-
ture and in the conjunction condition, amnesic patients showed a
selective deficit in the conjunction condition. These findings rule
out a load interpretation of amnesics’ impairment and provide
further support for the hypothesis that the hippocampus is im-
portant for relational processing over brief delays.

To assess whether binding deficits found in experiment 2 were
caused by hippocampal or extrahippocampal damage in the
MTL, we compared the performance of the H group (n = 2) to
that of the H+ group (n = 4) on the conjunction trials. No
difference was found between groups (F < 1) and the interaction
of group with delay was not significant (F, ,y = 1.35,p = 0.31).
Post hoc analyses show that the groups did not differ at the 1 s
delay (H+ group: M = 75%, SE = 11%; H group: M = 83%,
SE = 17%; p = 0.70) or the 8 s delay (H+ group: M = 56%, SE =
21%; H group: M = 45%, SE = 33%; p = 0.70). These findings
suggest that the binding deficits observed in amnesic patients can
be attributed to hippocampal damage.

Discussion

The dissociation between long and short-term forms of memory
in medial temporal lobe amnesia has been used to provide the
linchpin evidence for the psychological distinction between
short-term or working memory and long-term memory (Wick-
elgren, 1968; Baddeley and Warrington, 1970; Cave and Squire,
1992). Here, we show that the MTL is important for at least one
type of WM: memory for relationships or conjunctions. The re-
sults of experiment 1 showed that amnesics have intact WMs for
single features at delays of up to 8 s. The fact that feature memory,
memory for locations or objects, did not differ between amnesic
and control groups allowed us to assess whether amnesic patients
had a disproportionate deficit in relational memory. Indeed,

®Unlike Experiment 1, in Experiment 2, after the IS, a phrase appeared on the screen for 1000 ms that prompted
what needed to be recollected on the probe image. The phrase was “remember object,” “remember location,” or
“remember object plus location.”
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when required to remember an object in a location over an 8 s
delay period, their memory was dramatically impaired. Addi-
tional analyses revealed that this deficit was closely linked to dam-
age in the hippocampus per se and not surrounding structures.

Previous findings have provided evidence for the relational
processing theory by showing that the MTL is necessary for con-
junction memory over long delays (Cermak, 1976; Winocur and
Weiskrantz, 1976; Chun and Phelps, 1999; Giovanello et al.,
2003) (but see Stark and Squire, 2001). Our work extends the
relational processing theory (Cohen and Eichenbaum, 1993;
Eichenbaum, 1999) by showing that the MTL is necessary for
relational processing at delays as short as 8 s.

The task we used was originally developed by Mitchell et al.
(2000a), who showed that the hippocampus was more highly
activated in an fMRI study to object—location conjunction stim-
uli than to object or location feature stimuli. Conjunction activa-
tions were greater in young adults than older adults, and memory
performance for these same stimuli was higher in young adults as
compared with older adults. It was inferred from this data that the
conjunction memory deficit seen in older adults was the result of
subtle hippocampal atrophy. But frontal dysfunction, which is
commonly seen in older adults, could not be ruled out. Also, it is
was not clear from this data whether the hippocampal activation
to conjunction stimuli reflected the maintenance of memory rep-
resentations in working memory, or the establishment of long-
term memory traces.

Like Mitchell et al. (2000a), we found that normal older adults
were somewhat worse at remembering conjunctions. Normal
older adults may find it more difficult to remember conjunctions
because physiological factors such as age-related cell loss
(Coleman and Flood, 1987) or age-related electrophysiological
rigidity (Wilson et al., 2004), could serve to reduce the efficiency
of information processing in the hippocampus. A more extreme
case of this is observed in patients with MTL amnesia who have
radical loss of hippocampal volume and a commensurate ex-
treme loss in the ability to remember conjunctions.

Elapsed time and the hippocampus

When hippocampally based WM deficits have been observed in
the past, the data collide with the paradigmatic view of memory
and the hippocampus: that it is only important for LTM. For
instance, two previous studies found differences between amne-
sic and normal control memory performance at short delays
(Buffalo et al., 1998; Ryan and Cohen, 2004a). These results were
interpreted as being attributable to the influence of impaired
LTM in amnesia. Unfortunately, the circular logic of this inter-
pretation (e.g., if amnesia is defined as an impairment in LTM
then any memory impairment, regardless of delay, must be an
impairment in LTM) renders it impotent. This problem can be
skirted by defining the theoretical construct of WM as the acti-
vated contents of long-term memory (Cowan, 1995; Ericsson and
Kintsch, 1995) and the functionality of WM as maintaining in-
formation from LTM in a readily accessible state (Ryan and Co-
hen, 2004a). However, a strong version of this definition renders
WM tantamount to consciousness (O’Reilly et al., 1999) or atten-
tion, and fails to account for the ability to retain novel informa-
tion in WM.

It is still unclear as to how short of a delay can elicit an impair-
ment in amnesics. Ryan and Cohen (2004b) found that amnesic
patients failed to exhibit a specific eye-movement effect (fewer
fixations on previously viewed items as compared with new
items) in a scene change-detection task when the delay was long,
but when the delay was shortened to a little over one second, the
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performance of amnesics and controls did not differ. Our find-
ings do little to enlighten this issue because in experiment 1,
binding deficits were found only at the 8 s delay, whereas in
experiment 2, binding deficits were observed across delays. In
other experiments, we have observed visual WM deficits in MTL
amnesics at 4 s delays (Olson et al., 2006). A meta-analysis of
monkey and patient studies found little evidence for the existence
of delay-related hippocampal-memory impairments over delays
ranging from 0 to 600 s (Ringo, 1991). Recent neurophysiology
and neuroimaging studies both support (Zola-Morgan and
Squire, 1985; Murray and Mishkin, 1986; Suzuki et al., 1997;
Stern et al., 2001; Ranganath and D’Esposito, 2005) and refute
(Cohen et al., 1997; Zarahn et al., 2004) this assertion. In partic-
ular, some neuroimaging studies have reported hippocampal ac-
tivations during WM delays (for review, see Ranganath and
D’Esposito, 2005), whereas other investigators have used neuro-
imaging findings to argue against the hypothesis that the hip-
pocampus is involved in WM (Zarahn et al., 2004). We speculate
that elapsed time is a poor variable for predicting the inception or
degree of amnesic deficits and that other factors, such as the
underlying representation needed to perform the task, will more
fruitfully explain amnesic deficits.

Explaining relational processing deficits at short delays

The results of experiment 2 rule out a memory-load explanation
of amnesics’ impairment in conjunction memory at short delays,
because amnesics and controls performed no differently on fea-
ture trials, even when the memory load was increased to be sim-
ilar to that on conjunction trials. Thus, amnesics’ impairment
was not simply a function of the number of features to be en-
coded, but was related specifically to the need to bind different
features.

One concern that may be raised relates to the fact that perfor-
mance on feature trials at the short delay was near ceiling, limit-
ing our ability to see potential performance differences between
amnesic patients and controls. However, in experiment 1, perfor-
mance on feature trials was off ceiling at 8 s and yet no difference
was found between the performance of amnesics and controls,
weakening the credibility of this explanation.

The relational processing theory of the MTL offers little in-
sight into the stage of memory processing that is reliant on such
processing. One possibility is that the observed binding deficits
were caused by impoverished encoding of conjunctions, leading
to a fragile memory representation that quickly disintegrated.
The hippocampus literature provides no support for this idea. A
second possibility is that the observed binding deficits were
caused by problems in maintaining relational information over
time (Ryan and Cohen, 2004b). It is possible that single features,
such as objects or locations can be maintained by perceptual
systems in inferior temporal and superior parietal lobes (Druzgal
and D’Esposito, 2001 ), whereas object-location conjunctions rely
on the MTL for accurate maintenance. Support for this explana-
tion is provided by fMRI studies showing sustained activity in the
hippocampus over WM delays (for review, see Ranganath and
D’Esposito, 2005).

Conclusions

In sum, these findings extend the relational processing theory by
showing that the hippocampus is important for remembering the
relationship between different features of a memory trace at short
delay intervals. The data presented here suggest that the distinc-
tion between short- and long-term memory may be less impor-
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tant than the distinction between feature and conjunction mem-
ory in defining the role of the hippocampus in episodic memory.
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